The first regional mapping of the averaged turbulent kinetic energy dissipation rate < p > in the upper pycnocline of the northern South China Sea is presented and discussed. At     20°N and to the north of this latitude, < p > appears to be more than two times larger than that to the south of 20°N. It is suggested that this asymmetry is associated with the predominant northwestward propagation and dissipation of the internal waves originated in the Luzon Strait area. An approximately linear relationship between < p > and the available potential energy of the waves P IW , suggests a characteristic time of the P IW dissipation of about 6 h.
The northern South China Sea (SCS) is featured by highly energetic internal tides (IT), which are predominantly generated in the region near the Luzon Strait (LS), and higher-frequency nonlinear internal waves (NLIW), which are among the strongest in the world's oceans [1] . Internal waves (IW) gradually evolve in the course of their northwestward propagation from LS crossing the deep central basin and steepening over the continental slope and shelf due to the shoaling effects. The IW energy dissipates mostly at the Dongsha Plateau and on a wide south-eastern shelf of China [2] [3] [4] . The importance of NLIW in turbulence generation, diapycnal mixing and submarine acoustics in the northern SCS has been explored by extensive measurements conducted during the Asian Sea International Acoustics Experiment [2, 3, 5] and the Nonlinear Internal Waves Initiative [1, 6] . Based on these and other measurements, numerical modeling, and theoretical studies [7] [8] [9] [10] [11] , our understanding of the processes responsible for wave generation, propagation and dissipation has been substantially elevated.
At the same time, there were almost no measurements of turbulence in the northern SCS until very recently. The turbulent kinetic energy (TKE) dissipation rate  was indirectly estimated by Tian et al. [12] in the deep waters of SCS applying a semi-empirical formula of Gregg et al. [13] to LADCP and CTD data, and by Klymak et al. [6] and Alford et al. [14] using the Thorpe scale based approach [15] for CTD measurements. The first and the only direct measurements of micro scale shear (and therefore ε) in the northern SCS were conducted by St. Laurent [4] near the shelf break at the depth of 160 m. It was found that almost one third of the total dissipation in the water column occurred in a 10-m layer above the seafloor. The turbulence was presumably generated mostly by baroclinic motions rather than by regular bottom friction of barotropic tidal currents. No information is available about spatial variability of turbulence in the northern SCS, although it is of great importance for understanding and prediction of regional and global heat and momentum transports and various biogeochemical processes [12, 16, 17] .
In this study, we attempt to shed light on the geography of turbulence in the upper pycnocline of the northern SCS, based on microstructure profiling measurements in the Luzon Strait, central deep basin, at the shelf break, and on the shelf. The spatial characteristics of  are linked to the pre-dominant northwestward propagation of IW originated in the LS region and dissipation of the wave energy.
Data
Microstructure measurements were conducted at 38 stations in the northern SCS during two cruises in the summer monsoon seasons of 2009 (July 25-August 13) and 2010 (May 17-21) using the MSS-60 profiler [18] . Twenty-four stations of the year 2009 cruise were mainly aligned along three cross-shelf sections marked in red in Figure 1 as E, A and S, respectively. In 2010, six stations were taken across LS and another eight stations located along two meridional sections, which were 30 and 60 miles to the west of LS (Figure 1 , pink symbols, LS1-LS6 and O1-O8), respectively.
At each station, a series of 3 consecutive casts were launched during 10-20 min from the sea surface down to the bottom (at shallow stations) or to about 160 m depth in deep waters (limited by the length of a tethered cable of the profiler). The burst-averaged profiles of temperature T, salinity S, potential density   , and the TKE dissipation rate  were obtained based on these data. The data processing followed a well-established procedure for the MSS measurements [19] . The accuracy of an individual estimate of  is about 50% combining all kinds of errors [20] . The averaged over the upper pycnocline dissipation rate is supposed to be estimated with a higher accuracy.
Results

Mean dissipation rate in the upper pycnocline
Ocean turbulence is highly intermittent at small space and time scales (centimeters in all directions and minutes/seconds) as well as at mesoscales (a few meters/kilometers vertically/horizontally and hours). The later is usually referred as turbulence patchiness [21] . At the larger regional scales (tens or hundreds of kilometers and days/months), turbulence characteristics are expected to be linked to relatively stable larger-scale dynamical processes, which can be subjected to seasonal variability. Therefore, microstructure measurements conducted during the same seasons but in different years can be suitable to explore regional variability of turbulence in the northern SCS over tens and hundreds of kilometers.
We focused our analysis on spatial variations of the upper pycnocline  in the SCS deep waters, and on the shelf between the surface mixed layer (SML) and the bottom boundary layer (BBL). The upper pycnocline turbulence is of particular biogeochemical importance because of the mixing induced cross-pycnocline transports of nutrients. This turbulence is assumed to be mostly influenced by IW of different scales. The averaged dissipation rate in the pycnocline under regular meteorological conditions is expected to be relatively insensitive to the exact timing of measurements, and therefore can serve as a representative measure of turbulence at the measurement sites. On the contrary, turbulence in SML is mainly driven by variable atmospheric forcing. In BBL, it is mostly generated by bottom friction due to barotropic and/or baroclinic tidal flows timely dependent on tidal phases. At the shelf stations, the pycnocline has been easily identified between SML and BBL, and the averaged dissipation rate < p > was calculated as
where h SML and h BBL are the lower boundary of SML and the upper boundary of BBL, respectively. The h SML and h BBL were estimated using the individual profiles of   and .
In deep waters, we selected the pycnocline segments immediately below SML, where density increases approximately linearly with depth, thus
where h u and h l are the depths of the upper and lower boundaries of the selected segments. The  profiles were also employed in the selection procedure of h u and h l to make it more accurate. Figure 2 These two stations are aligned almost directly to the west of the center of LS, where strong internal tidal waves are generated [1, 22] . IW signatures in SAR images [23] and in situ measurements [24] showed that the IW fronts propagate mainly from LS toward west-northwest. If turbulence in the upper pycnocline is mostly associated with the degenerations of IW, it is expected to find a higher level of < p > in the northern part of SCS. 
The maximum < p > max = 1.3×10 7 W kg 1 has been observed in the center of LS at station LS3 (Figures 1 and 2 ).
Figure 2
The averaged dissipation rate in the upper pycnocline < p > at all 38 stations (see also Figure 1 ).
Dissipation and APE of internal waves
We associate the disparity between < p > to the north and to the south of  ~20°N with predominant propagation and degeneration of IW from the LS region, which is the main known source of IW in the northern SCS [1, 2, 22] , to the west-northwest. To examine this assumption, we mapped < p > as the scaled circles in Figure 1 overlapping them by the scaled horizontal bars that represent the estimates of available potential energy (APE) of IW per unit mass,
Although the APE calculation is based on the linear theory of internal waves [25] , it has been successfully used in many NLIW studies [26] . The wave displacements  p were calculated as the rms of density dis-
by the mean density gradients in selected layers of the pycnocline [27] . Here ( ) z   is the low-passed density profile filtered with a cutoff wavelength of 40 m. Although the results shown in Figure 1 do not point to a perfect match between the sizes of circles and bars, a general increasing trend of < p > with P IW can be recognized specifically for the largest and smallest values of the mean dissipation.
To specify this trend, we plotted < p > against P IW for each station as well as the bin-averaged (over 3 points) estimates of the dissipation rate and APE (Figure 3) . It appears that < p > and P IW are reasonably well correlated particularly for the bin-averaged samples. The coefficient of determination for the linear regression shown in Figure 3 is r 2 = 0.7. The regression can be specified in terms of a background dissipation rate  0 , P IW , and a characteristic time scale of the APE dissipation  IW as
where  0 = 3.12×10
8 W kg 1 and  IW ≈5.8 h. Eq. (2) suggests that the potential energy of IW in the pycnocline of the northern SCS dissipates during approximately 6 h increasing < p > proportionally to APE of IW. The back-
which is possibly associated with a combined effect of the kinetic energy of IW as well as with turbulence generated by the shear instability of mean currents and other generation processes.
Summary and discussion
The [28] , in situ measurements [29] , and numerical experiments [30] point to a substantial seasonal variability of IW activity in the northern SCS. Signatures of IW were most frequently observed in the summertime (70% of the annual IW signatures compare to only 1% during the winter). Spring and autumn account for 18% and 11% of the IW occurrence, respectively. This is mainly attributed to a much shallower and stronger summer pycnocline compared to the other seasons, which creates favorable conditions for IW generation and propagation. The upper pycnocline turbulence in the region, which is partially linked to the APE dissipation of IW, may also experience strong seasonal variability. Regional mapping of the upper pycnocline averaged dissipation reported here covers only the summer monsoon period. Further extensive microstructure measurements are needed to explore seasonal variability of turbulence in the northern SCS.
